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Low-cost  mm-wave radar  
for cruise control 
By P.L. Lowbridge, GEC Plessey Semiconductors 
Over the past 3-5 years, activity in the areas of autonomous intelligent cruise control and collision 
warning/avoidance for vehicles has increased significantly (see references 1-3). The first systems 
are now in low-level production (for example, the vehicle collision warning systems as installed by 
Vorad Safety Systems In¢. on the Greyhound Bus business in North America). Automobile 
manufacturers are now beginning to define their requirements for volume production units, and 
several potential suppliers are coming forward with different system solutions. 
T his paper will review the 
current position in terms of 
the perceived requirements of
the automotive industry and also the 
suitability of current systems for 
meeting those requirements it will 
discuss the work within GEC Plessey 
Semiconductors (GPS) on radars at 
77 GHz and will consider both the 
current position and the route to 
production for this solution. 
Requirements of the 
Automotive Industry 
As technology has advanced over the 
past decade, the cost and performance 
of electronic omponents has changed 
in a dramatic way. Large-scale inte- 
gration in silicon chips and the advent 
of 'supercomputers' have opened up 
new avenues for the automotive in- 
dustry (for example electronic engine 
management modules, the Radio 
Data System - RDS, Car Area 
Network - CAN buses etc.). 
These advances, together with those 
in radar and laser technology, have 
meant that, potentially, accurate 
Hybridcou 
~} Transmitler 
VCO 
i . . . . . .  6,o& . . . . . . . . . . . . . . . .  I 
Tngge] ' C ~ 
/ 
Receiver I ~ Harmonic 
mtxer 
IF ou~ Microslnp substrate 
Loop 
amp/filter . ~  
Monolithic 
gain Frequency ~ tF o I ~ 
: . . . . . . . . . . . . . . . . . . . . . .  n° -a -~e l - - -' 
Lineanzation circuitry 
IFin 
Figure 1. 77 GHz radar sensor front-end schematic. 
range-finding equipment is now avail- 
able to the industry. Radar and 
L1DAR technology both offer the 
ability to look ahead several hundred 
metres and measure accurately the 
distance to the nearest objects. 
Automobile manufacturers have 
identified several applications for 
such a device, including: 
• Autonomous Intell igent Cruise 
Control (AICC), 
• collision warning/obstacle 
detection, 
• collision avoidance, and 
• parking aids 
Many vehicle manufacturers have 
carried out extensive market research 
to establish which feature would 
enhance sales of their vehicles. A 
study by Daimler Benz showed that 
60% of rear-end-collisions could be 
avoided if drivers had an extra 
0.5 seconds to react (and 90% with 
a full one second!). The president of 
Greyhound Buses (Frank Schneider) 
expected to recoup the cost of invest- 
ment in equipping the fleet of 1500 
buses with the Vorad system within 
one year through fewer crashes. 
From these statistics, it would 
appear that collision warning would 
be the first requirement. However, 
there are several potential problems, 
namely: 
• the legal implications for system 
malfunction, and 
• the very high level of signal proces- 
sing required to limit the number of 
false alarms. 
In a few applications, collision 
warning systems are finding accep- 
tance (especially for long distance 
driving of large vehicles with profes- 
sional drivers). However, a more 
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Table 1. Relative merits of competing sensor technologies. 
Method Advantages Disadvantages 
Radar 
LIDAR 
Video 
Excellent performance 
in adverse weather conditions 
Complies with health legislation for 
radiation levels in non-ionizing 
energy 
Sensor can be mounted in a 
concealed place 
Excellent angular resolution 
Excellent angular resolution 
Information available 
over wide azimuth and elevation 
M u Iti-a p pl icatio n 
Limited angular 
resolution 
Energy levels 
give potential health 
womes 
Has to be mounted 
in a visible position 
Very limited 
performance 
in adverse weather 
Has to be mounted in 
a visible position 
Very limited 
performance 
in adverse weather 
High demands on 
signal processing 
(high cost) 
acceptable concept for the introduc- 
tion of this type of technology is for 
AICC. In AICC, if the system "mal- 
functions' then the driver is made 
aware that the system has lost 'cruise 
lock' and resumes full control. Within 
A1CC there are two main categories: 
(i) urban c ru ise  - where the system 
controls the speed of your vehicle 
from cruising, down to a standstill 
and then back up again; and 
(ii) motoru ;ay  c ru ise  - where the 
system controls your vehicle from low 
speed (25 km/h typically) to high 
speed (160 kin/h) only. 
The major technical difference be- 
tween urban and motorway cruise 
systems is in the area of coverage by 
the antenna. For stop-start systems, 
the total area between your vehicle 
and the "targeted' vehicle in front of 
you must be surveyed for objects 
when the vehicles are stationary -
or very slow moving. This is primarily 
to detect pedestrians walking between 
traffic. Both urban and motorway 
cruise require very good angular 
resolution, to establish the position 
of all vehicles of interest in a forward 
zone that can extend for 150-  
200 m. 
The vehicle manufactures have yet 
another decision to make - whether 
the AICC will access brake and 
accelerator, or just the accelerator. 
The legal implications of accessing the 
brake need special considerations, as 
does the Man Machine Interface 
(MMI). 
The greater the perceived value to 
motorists, the more expense they will 
accept. However, the first systems may 
have limited performance (for exam- 
ple, motorway AICC, accessing accel- 
erator only) and consequently will 
command only a low price. It can be 
seen that the ultimate system require- 
ment is for collision avoidance. It is 
generally accepted that 'driver in the 
loop' systems (for example, AICC) 
will emerge first, but initial systems 
will need a defined progressive 'up- 
grade' path eventually to provide full 
collision avoidance. A potential route 
for exploitation could be: 
• motorway AICC - accessing accel- 
erator only: 
• motorway AICC - accessing brake 
and accelerator; 
• urban AICC - accessing brake and 
accelerator: 
• collision warning: 
• AICC with collision warning: and 
• collision avoidance. 
System Technology 
There are three basic technologies 
being considered for the sensors in 
these applications, each with its own 
merits, (see Table 1): 
• millimetre-wave radar (77 GHz), 
• L1DAR, and 
• video (pattern-recognition) techni- 
ques. 
Radar 
The major advantage of a radar- 
based system operating at 77 GHz is 
its excellent performance in adverse 
weather. Radar has the ability to 
penetrate fog. rain (and smoke etc.) 
and in recent trials it was shown that 
the range (150-200 m) was not sig- 
nificantly affected by adverse weather 
conditions. The power transmitted by 
the millimetre-wave radars to achieve 
this range is well within the American 
National Standards Institute (ANSI) 
recommended safety levels. The radar 
sensors can be quite small (dependent 
on the antenna beamwidth required). 
The GPS radar (see section entitled 
"Selection of a Radar System') has a 
predicted production size of 120 mm 
x 120 mm x 60 mm and can be 
mounted behind glass or plastic panel 
at the front of a vehicle. 
The current limitation in radar- 
based systems is an annular esolution 
of targets, especially in a multi-target, 
cluttered environment.  Electronic 
beam-steering and beam-sharpening 
techniques are currently being exam- 
ined to overcome this problem. 
Most current laser-based L IDAR 
systems use high power, 850 nm 
lasers. The beam width is very narrow 
(0.8 ~') giving excellent angular resolu- 
tion. However, the major problem 
with L IDAR is in its inability to 
penetrate rain and fog. In adverse 
weather, the system range is limited to 
the driver's visible range. There is also 
a potential problem with false returns 
from spray, etc. The safety aspect of 
high power pulsed lasers is also in 
question. The eye safe distance is a 
real consideration especially for urban 
cruise, etc. Mechanically-scanned la-
sers have the added potential pro- 
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Table 2: Outlhze spec!fieation. 
Range 0.5 m - 150 m 
Range accuracy 
Differential speed 
resolution 
Beamwidt• (switchable over 3 
positions to give10 ° coverage) 
Operating frequency 
Transmit and receive polarization 
Size 
Environment 
Interface 
-t-0.25 m over 0.5-50 m 
_+0,5 m over 50-150 m 
<5km/h 
3~ 
76-77 GHz 
Circular 
10cm x 7.5cm x 6.5cm 
harsh/exposed (automobile) 
Car Area Network (CAN)/ 
Vehicle Area Network (VAN) 
blems of scanning failure, when the 
beam is in one fixed position trans- 
mitting all the energy in one direction. 
The current systems offered which 
use L1DAR work very well in AICC 
applications. However, they may not 
find acceptance longer term for colli- 
sion warning/avoidance systems. 
Video 
With frame capture and the applica- 
tion of extensive high-speed signal 
processing techniques, video cameras 
can play a very important role in the 
vehicle sensor market. With potential 
applications (in lane recognition, for 
example) as well as AICC and colli- 
sion warning/awareness, this multi- 
purpose sensor may well find applica- 
tions in the vehicle market. The main 
disadvantages of video systems are: 
• lack of visibility in poor weather 
and bad lighting conditions (late 
night, for example), and 
• very high demands in signal proces- 
sing capacity. 
However, video is an excellent 
candidate for sensor fusion techni- 
ques, where the advantages of radar 
and video are combined in one 
system. 
Selection of Radar 
System 
Having established the benefits of a 
radar based system, GPS has devel- 
oped the appropriate technology and 
a demonstration sensor for AICC/ 
collision avoidance applications. 
To select which type of radar 
system is best for the application, 
the target specification for the sensor 
has to be derived. This specification 
is shown in Table 2. There are po- 
tentially many different types of 
radar, but the four considered for 
this app l i ca t ion  are compared  
in Table 3. 
The minimum range for the system 
needs to be approximately 0.5 m to 
detect anything very close to the 
vehicle. With pulsed systems, there is 
a time lapse between the transmission 
of the pulse and receiving it back. As 
the velocity of RF propagation is 3 x 
l0 s m/s, for short distances there are 
literally just a few nanoseconds be- 
tween transmitted and received sig- 
nals. This leads to prohibitively high 
speed signal process requirements. 
FMCW (Frequency-Modulated Car- 
rier Wave) is a natural choice for the 
detection of short range targets. 
The FMCW radar requires a phase 
noise of better than -80dBc/Hz (that 
is, -80dB/Hz relative to the carrier 
power level) at 100 kHz to enable the 
system to discern adjacent targets 
with good resolution. 
The IF bandwidth of the system 
is particularly important in the auto- 
motive environment, where EMC 
and interference levels are high. It 
is vital to use as limited a band- 
width as possible. With FMCW sys- 
tems, the IF receiver bandwidth can 
be limited to a few hundred kHz. 
Mutual interference problems are 
also reduced with reduced IF band- 
widths. 
RF complexity can again be directly 
measured in terms of unit cost. 
FMCW is extremely simple, with very 
few millimetre-wave components ( ee 
Figure I). Taking these criteria into 
account, it was decided to pursue 
FMCW radar for this application. 
Realization of an 
Electronically 
Beam-steered 
77 GHz FMCW Radar 
As cost, size and durability are the 
main criteria for the sensor (together 
Table 3. Relative merits ~/" compethlg radar .~3'stems. 
Radar 
Technique 
FMCW 
Pulsed FM 
Pulsed AM 
BPSK/QPSK* 
Minimum range 
(approx) 
(m) 
Source 
phase noise 
requirement 
0.5 
3.0 
3.0 
0.5 
High 
Low 
Low 
High 
IF bandwidth 
Low 
High 
High 
Low 
* BPSK = Bi-Phase Shift Keying; QPSK = Quadrative Phase Shift Keying 
RF complexity 
Lowest 
Medium 
Medium 
High 
Mean power 
transmitted 
Medium 
Low 
Low 
Lowest 
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with the requirement o fulfil the 
technical specification), the milli- 
metre-wave section needed very care- 
ful design. The following elements 
constitute the main building blocks 
(or technologies) required. 
Transmitter/Local 
Oscillator Source 
The main criteria here are: to produce 
sufficient power to drive the 'receive' 
mixer: and supply adequate power to 
lhe transmit antenna. The source also 
has to have adequate frequency sta- 
bility to stay within the allocated/ 
specified 77 GHz band and has to 
have a noise performance (AM and 
FM) commensurate with the require- 
ments of FMCW radars. The current 
source is a gallium arsenide graded- 
gap Gunn effect oscillator which is 
realized in a waveguide cavity (4). The 
waveguide couples to the chosen 
transmission medium (microstrip) 
using a simple E-plane probe trans- 
mission. Advanced three-terminal de- 
vices are currently being evaluated in 
both fundamental and multiplied 
form and will be used as and when 
the performance and cost make 
them suitable. 
Transmission Medium 
The selection criterion was the suit- 
ability for high volume production at 
very low cost. Micro-strip using a 
low-loss dielectric substrate material 
was selected. This planar technique is
compatible with modern surface 
mount technology, and allows defini- 
tion of all the millimetre-wave com- 
ponents  us ing  es tab l i shed  
photolithographic techniques (used 
extensively in the high volume manu- 
facture of integrated circuits). The 
microstrip also allows the high defini- 
tion components, including the anten- 
na structure, to be realized easily - 
using the inherently accurate photo- 
lithography. Hence, complex machin- 
ing processes are eliminated, and all 
the high definition is produced very 
repeatably on a single small substrate 
(10-15 mm square). These microstrip 
circuits are also very rugged (proven 
to 10 000 g) and stable with tem- 
perature. 
Antenna 
Using quasi -opt ica l  techniques,  
patches are created on the microstrip 
and are sited at the beam-waist of a 
dielectric lens (see Fig. 2). This 
produces verst narrow beamwidths 
(for example, 3 from a 75 mm lens), 
and a structure that is very low cost 
which can be realized in a 'weather- 
proof  form. It is also possible to 
produce beam-steering or switching in 
azimuth or elevation, by the selection 
of one or more patches. 
Downconverter 
The mixers are provided on the 
microstrip circuit using low-noise 
Schottky diodes. Discrete devices are 
currently used, with monolithic solu- 
tions being investigated. The final 
solution will be selected for suitability 
for pick-and-place manufacturing 
equipment whilst having the right 
performance/cost. 
Linearizer 
As accurate FMCW operation is 
critically dependent on the linearity 
of the system, a linearizer is essential 
to correct the inherent non-linearity 
of the Gunn source. The linearizer 
selected uses a dynamic FM feedback 
system that is realized on the micro- 
strip circuit, and in a divider/discri- 
minator  sect ion.  The l inear i ty  
produced is typically <0.3%. The 
advantages of this linearizer are its 
repeatability in production, its low 
cost and its high reliability. 
Electronics and Digital 
Signal Processing 
These are re, alized using surface- 
mount PCB techniques. The digital 
signal processor (DSP) employed is a 
1024-point FFT (fast Fourier trans- 
form device), with data clocked in at 
1 MHz. This produces a range of 
d i sc r iminat ion  of  bet ter  than 
+_0.25 m. 
Conclusions 
The 77 GHz sensor realized in pro- 
totype form, has now been evaluated 
extensively and is the basis of AICC 
and collision avoidance programmes 
in Europe, North America and the 
Far East. Further work on the anten- 
na to improve angular resolution is 
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continuing, and alternative methods 
of quasi-optical beam steering are 
being evaluated. 
A full programme looking at high 
volume manufacturability of the sen- 
sor has been undertaken, with an 
outcome which has proved that, with 
current technology, the unit produc- 
tion price for the sensor should be 
< $100. As new technology becomes 
available (for example, GaAs MMICs 
etc.) it should be possible to reduce 
prices further after high-volume pro- 
duct introduction. 
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